TENORM are found in a wide variety of waste materials, some raw mineral ores and in some consumer products (in trace amounts) where molecules of radionuclides may be bound to specific minerals used in the manufacturing process and can result in increases in radiation exposures to workers and the public. The aim of this paper is to understand this problem and to develop effective ways to protect humans and the environment from harmful exposure to the radiation in TENORM materials in the Vojvodina region. The results of measurement of indoor radon concentration in schools and kindergartens and dose-rate and gamma-spectrometry measurements of the workplace with TENORM materials are presented.
INTRODUCTION
The most important radionuclides in technologically enhanced naturally occurring radioactive materials (TENORM) include the long-lived, naturally occurring isotopes of radium, thorium and uranium, and their radiologically important decay products (such as radon) as well as 40 K. TENORM present unique problems because of their large volumes and widespread occurrence in industrial products, by-products and waste. Indoor radon is the most important source of radiation exposure of the public.
Radon is an inert gas; it is the only naturally occurring radionuclide in this form. Its emanation from radium-bearing soil, rock and building materials can result in substantial exposures in indoor environments.
Radon is the radioactive daughter of 238 U, and thus elevated radon levels are usually expected in areas that have elevated 238 U activity. The Vojvodina region, in the Pannonian Plain, on the site of the ancient Pannonian Sea, is a region where such effects should be investigated. The presence of numerous underground hot spring and sources of natural gas, as well as some crude oil reservoirs, point to the possibility of elevated radon levels (1) .
MATERIALS AND METHODS

Indoor radon measurement
Indoor radon activity concentration in air has been measured in schools and kindergartens in the city of Novi Sad using activated charcoal canisters (2) . Radon is sorbed onto the charcoal grains and decays to several particulate decay products: 218 Po, 214 Pb, 214 Bi, 214 Po and 210 Pb. Radon concentration is determined by counting the gamma-ray emissions of both 214 Pb (295 and 352 keV) and 214 Bi (609 keV). This is possible due to the relatively short halflife of these progenies. Within 3 h, the progenies are in equilibrium with 222 Rn. The efficiency of the detectors was determined using the Environmental Protection Agency (EPA) 226 Ra reference source. The passive nature of activated charcoal allows both adsorption and desorption; in addition, the adsorbed radon undergoes radioactive decay during the exposure period. Therefore, the canister cannot uniformly integrate over the entire exposure period. However, the canister can be calibrated to yield precise results for radon concentrations in structures during the deployment period of 48 h used by the EPA. The exposure time for the canister must not be less than 24 h (1 d) nor longer than 144 h (6 d). The desired exposure time is 48 h (2) . During the sampling by active charcoal, the room to be surveyed was closed for 48 h. The typical time between the end of the exposition and the beginning of the measurement was 2 h.
The canister gamma activity was measured by means of high-resolution germanium and NaI(Tl) scintillation spectrometers. Gamma spectrometer measurements were performed with high-resolution HPGe gamma spectrometer with the nominal efficiency of 22 %, which was placed in another shielding chamber with 25-cm-thick iron walls. In order to achieve 5 % statistical accuracy at 100 Bq m 23 , the time of measurement was usually 1 h. In our measuring chamber, the radon levels are very low (,5 Bq m 23 ); so radon fluctuations could not affect the results of most measurements. The results of indoor radon concentration measurements are presented in Figure 1 and Table 1 . Indoor radon activity concentrations have been measured at 50 locations in kindergartens and schools. On the basis of the results obtained, the average indoor activity concentration of 222 Rn was calculated. The geometric mean value of indoor radon activity concentration ( 23 value accepted as an intervention level in Serbia. The director of the school was advised how to solve the radon build-up problem. The log-normal distribution obtained proves the random nature of the radon build-up in the places investigated. According to Miles and Howarth (3) , the estimated mean of the annual radon concentration is
The effective dose (nSv) can be calculated from the following formula (4) : 
Workplace monitoring
TENORM is found in a wide variety of waste materials, some raw mineral ores and in some consumer products (in trace amounts) where molecules of radionuclides may be bound to specific minerals used in the manufacturing process (zircon, for example, contains minute quantities of uranium and thorium and used widely as a glaze for ceramics and metal molds) (6) . The radionuclide 226 Ra, a decay product of uranium and thorium with a radiation decay half-life of 1600 y, is commonly found in TENORM and waste materials and is the principal source of radiation doses to humans for natural surroundings.
Annual effective doses for workers in the Abrasive tool mill named 'IBA' in Ada in the Vojvodina region were determined. Measurements were performed by the calibrated 'Inspector', a radiation monitor made by S.E.INTERNATIONAL, Inc., USA (operating range: 0.01 -1000 mSv h 21 ; accuracy: +10 %). The results of dose-rate measurements are presented in Table 2 .
The results of dose-rate measurements are up to 13 times higher in relation to the background (0.12 mSv h
21
). The workers who worked in raw material storage with zircon corund mix could receive an annual effective dose of 1.3 mSv (for 800 working hours in a year), which can be compared with the maximum recommended annual effective dose for professionals of 20 mSv based on the Law on Protection Against Ionizing Radiation and Nuclear safety (7) . High-resolution gamma-ray spectrometry is widely used to study natural radioactivity because it is a fast, multi-elemental and non-destructive method of radioactivity measurement (8) . The radionuclide content of the nine samples from the 'IBA' mill was measured using the HPGe spectrometer made by Canberra (Table 3 ). The nominal efficiency of the detector is 36 % and the resolution is 1.9 keV. The detector was operated inside the 12-cm-thick lead shield with a 3-mm Cu inner layer. The radon level in the measuring room was kept constant and low (10 Bq m
23
) by forced ventilation. The typical sample measurement time was 50 ks. The detector was connected to the digital spectroscopy processing unit Canberra 1300 InSpector. The gamma spectra were acquired and analysed using the Canberra Genie 2000 software. All measurement uncertainties are presented at a 95 % confidence level (9) . Some of the raw materials (frit powder, zircon and feldspar) have increased activity concentrations of natural radioisotopes of 226 Ra, 238 U, 232 Th and 40 K (Table 3 ) and could contribute to the annual equivalent dose by inhalation.
When radioactive aerosols are inhaled, parts of the respiratory system are irradiated both by radiation originating from the lungs and as a result of absorption of inhaled material to body tissue from the respiratory system. It is recognised that after inhalation of radioactive aerosols, the doses received by various regions of the body will differ widely, depending on the size distribution of the inhaled material. To determine the dose to any organ or tissue or to the whole body, it is necessary to determine the amount of radioactive material inhaled or ingested (10) . The annual intake (in Bq) is multiplied by the appropriate dose conversion factor to calculate the annual dose (mSv). The first step in the assessment of the internal dose is to calculate the arithmetic mean of alpha-activity concentration for each identified work category during the specified monitoring period.
The internal dose assessment using an arithmetic mean is then calculated as follows:
where AM i denotes the arithmetic mean of gross a-activity concentration for the work category i (Bq m 23 ), HW i the hours worked by an employee for the period of assessment in the work categoryi, BR the assumed breathing rate of an employee (1. for different activity mean aerodynamic diameter size (10) . All of these factors were calculated for the materials containing thorium and uranium in different weight ratios using the computer program (10) . Raw material storage Zircon corund mix-contact geometry 1.6 7.
Storage of finished products Abrasive tool-contact geometry 0.35 8.
Mechanical processing Abrasive tool-contact geometry 0.197 9.
Injection moulding Sharpening stone-contact geometry 0.3
The internal dose from dust inhalation is calculated as follows (10) . During the monitoring of the workplace atmosphere for air-borne radionuclides, it is concluded that an operator working with zircon is exposed to 1 mm dust containing 0. (10) . The radiation exposure of the employee due to the external and internal dose is estimated to be 1.73 mSv y 21 .
CONCLUSION
The results obtained in indoor radon measurements in schools and kindergartens in the city of Novi Sad give an annual effective dose for the whole body of 0.6 mSv y 21 , which is below the maximum recommended action level of 3-10 mSv y
21
. Dose-rate measurements of workplace with TENORM materials were used for an annual dose determination in the Abrasive tool mill 'IBA' in Ada in the Vojvodina region. The results of dose-rate measurements are up to 13 times higher in relation to background (0.12 mSv h 21 ). The specific activities of 40 K, 238 U, 226 Ra, 232 Th and 137 Cs obtained by gamma-ray spectrometry from TENORM samples taken in the Abrasive tool mill 'IBA' in Ada were calculated. The individual internal dose for the operator exposed to zircon dust exceeded the recommended level.
